ZnO single-crystal microtubes were fabricated using an encapsulated microwave growth method. The ZnO crystals are grown in hexagonal hollow tube form with a well faceted end and side surfaces, which have cross-sectional dimensions of 100 to 250 m, lengths of 3 -5 mm, and wall thickness of 1 -2 m. Under optical excitation, a strong near-band-edge emission was obtained at a peak wavelength of 377.8 nm with a full width at half maximum of 11 nm. The ZnO microtubes exhibited a highly selective UV light response with a cut-off wavelength at ϳ370 nm, and excellent electron field emission properties with an emission current density of 11 mA/ cm 2 at an applied field of ϳ20 V / m. Wide-band-gap semiconductor materials, such as GaN, SiC, and AlN, have become the focal point of research in semiconductors and optoelectronics during the past decade because of an increasing need for short-wavelength photonic devices and high-power high-frequency electronic devices.
1
ZnO is a promising material for UV and blue light-emitting devices, as in fact it has several fundamental advantages over its chief competitor GaN. The bandgap of ZnO is 3.37 eV, with a 60 meV binding energy of the free exciton, which permits excitonic emission at room temperature and above. 2 To date, most ZnO single crystals have been fabricated in forms of bulk crystals, 3, 4 thin films, 5 and nanowires/nanorods, 6, 7 while some with tubular micro/ nanohollow texture were synthesized as well. 8, 9 In this letter, we report that millimeter-long freestanding ZnO singlecrystal microtubes, having a wall thickness of the order of micrometers, have been fabricated by using an encapsulated microwave-heating growth method. The ZnO microtubes exhibit strong near-band-edge emission, highly selective UV light response, excellent electron field emission, and interesting piezoelectric properties.
The microwave-grown ZnO microtubes are colorless, fully transparent, contamination-free, and of near-perfect crystallinity. These microtubes can be handled with tweezers under a stereomicroscope allowing electroding and assembly for property characterizations. The morphology of the ZnO microtubes observed by optical microscope and scanning electron microscope (SEM) is shown in Fig. 1 . The ZnO crystals are grown in a hexagonal hollow tubular with a well faceted end and side surfaces. The wall thickness of the ZnO microtubes is less than 2 m, typically between 0.5-1 m. By adjusting microwave growth conditions, such as the temperature and time, the ZnO tubes have been fabricated into different cross-sectional dimensions ranging from 100 to 250 m, and different lengths up to 5 mm. The Laue x-ray back reflection patterns revealed that the ZnO singlecrystal tubes grow along the ͗0001͘ direction with six {1100} planes joined at the {1000} mirror plane forming a perfect hexagon (Fig. 2) .
ZnO has a high melting point of 1975°C, and sublimes or thermally decomposes rapidly at temperatures above 1400°C, which makes it very difficult to achieve hightemperature crystal growth. So far, all other approaches to grow ZnO crystals were carried out under temperatures below 1100-1150°C. Our investigations have demonstrated that when the growth temperatures were below 1150°C, ZnO crystal rods (with diameters from 50 nanometers to a few microns) were obtained; the tubular growth became predominant when the growth temperature exceeded 1300°C. In the case of conventional heating growth methods at elevated temperatures, the reactions of Zn vapor with the substrates (usually sapphire) and the growth chamber wall (usually made of quartz) become severe which results in considerable contaminations in grown ZnO crystals and the failure of the growth apparatus. The encapsulated microwave-heating method can provide a self-contained growth environment to eliminate such reactions (Fig. 3) . A 2.45 GHz 3 kW microwave generator was used as the microwave-heating source, a presintered ZnO cylinder with a hollow core (that forms a self-encapsulated growth chamber) is positioned in the microwave cavity, surrounded with thermal insulation materials which are transparent (or low absorption) to the microwaves to maintain the surface of the ZnO cylinder at a desired temperature. Because the heat is generated directly within the ZnO cylinder during microwave heating, the center area of the cylinder has a much higher temperature than the surface area due to the thermal losses around the surface. By adjusting the dimensions of the ZnO cylinder and the insulation conditions, a desired temperature profile can be produced. ZnO sublimates to provide Zn and oxygen sources in the highest-temperature zone (for example, 1400-1450°C), while the ZnO crystal tubes are nucleated and growing in the lower-temperature zone (for example, 1300-1350°C). By varying the dimension (the distance between the sublimation and deposition area) of the hollow core and thus the microwave energy distributions inside the microwave cavity, the temperature difference between these two areas can be adjusted for high-rate and highquality growth of crystal microtubes. The self-contained a)
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vapor phase growth is a unique feature of the encapsulated microwave-heating process critical for the growth of highquality ZnO single crystals, which is not achieved by conventional-heating methods.
Physical properties of the ZnO microtubes, such as photoluminescence (PL), photoresponse, and field emission, are characterized and presented in Fig. 4 .
PL spectra of the ZnO microtubes were measured at room temperature with a 266 nm microchip laser (Microchip NanoUV-266, JDS Uniphase) as an optical pumping source, which was operated at a repetition rate of 10 kHz and 4.1 ns pulse width with an estimated peak power 1.4 kW and an average power 5.9 mW. The laser beam was focused on the side wall of the ZnO microtube at an incidence angle of 60°t o the symmetric axis (c axis) of the ZnO microtube [ Fig.  4(a) ], and the photon emission was collected perpendicular to the sample tube by a monochromator (ISA, Edison). A strong near-band-edge emission peak was detected at a wavelength of 377.8 nm with a full width at half maximum 
Cheng, Guo, and Wang 5141 of 11 nm. A smaller shoulder peak near 392-395 nm was noted that may be attributed to oxygen vacancies in the ZnO crystals. The 532 nm peak [seen in Fig. 4(a) ] was from the second-order harmonic of the excitation laser source.
Photodetectors based on wide-band-gap semiconductors (including diamond, SiC, III-nitrides, and II-VI materials) possess some advantages over other ultraviolet (UV) detectors (photomultiplier tubes and Si-based UV detectors) such as low power consumption, high stability, and no need for other optical filters. 10 ZnO stands a good chance of being a candidate material for solar-blind UV detection because of its direct band gap of 3.37 eV (a cut-off wavelength ϳ370 nm) and high photoresponse. Some early studies indicated that the photoresponse of ZnO is also related to the oxygen chemisorption on the surface of ZnO materials.
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Compared to the ZnO bulk crystals or thin films, the hollow tubular texture has a much larger surface area, thus of great potential as highly sensitive UV photodetectors and UV light switches. The spectra of the photoresponse of the ZnO single-crystal microtubes under exposure to UV-visible lights are shown in Fig. 4(b) . A Xe lamp (Hitachi F-4010 Fluorescence Spectrophotometer) was used for the light source, the applied bias was 5 V, and the dark current was 1.5 ϫ 10 −6 A at that bias. The maximum UV photoresponse was in wavelength ranges of 250-270 nm, and the cut-off wavelength at 370 nm. The photocurrent drop ratio was about a factor of 8, indicating a high sensitivity for UV detector applications.
Some wide-band-gap semiconductors, such as GaN and AlN, exhibit efficient field emission properties. 12 Analogously, ZnO with negative electron affinity is a prospective candidate for high-efficient and low-cost electron field emitters. Figure 4 (c) reveals the field emission behavior of a ZnO single-crystal microtube. The measured turn-on voltage at a current density of 1 A/cm 2 was about 5.6 V / m, and the emission current density reached about 11 mA/ cm 2 at an applied field of 20.2 V / m. In comparison to the ZnO nanowires, ZnO microtubes exhibited a higher turn-on voltage and a higher obtainable current density.
